introduction
New anticancer therapies targeting various kinases implicated in cancer onset or progression are now commonly used and they improve the prognosis of several cancers.
Activating B-RAF (V600E) (also known as BRAF) kinase mutations occur in ∼7% of human malignancies and ∼60% of melanomas [1] . A novel class I RAF-selective inhibitor, vemurafenib, demonstrated an unprecedented 60% antitumor response rate among patients with BRAF(V600E)-positive melanomas, but vemurafenib is not devoid of side-effects. Among the most intriguing of these side-effects are skin neoplasms originating from keratinocytes that occur following treatment with BRAF inhibitors (vemurafenib and dabrafenib), as previously observed with sorafenib, a multikinase inhibitor and a pan-RAF inhibitor [2] .
In this study, we prospectively followed up 42 patients undergoing vemurafenib treatment either in the context of BRIM3 (13 patients) , an open phase III clinical study comparing vemurafenib with dacarbazine as the first systemic therapy in patients with metastatic melanoma [3] or in patients receiving vemurafenib in a compassionate use program (29 patients from December 2010 until March 2012). All of these patients developed adverse skin reactions and the spectrum of skin symptoms was akin to that recently described with dabrafenib [4] , suggesting that they result from a class effect.
patients and methods
Between March 2010 and March 2012, 42 patients (25 men and 17 women) with a mean age of 53 years (range 28-86 years) who were treated with vemurafenib underwent a dermatologic evaluation and photography every 3 weeks. Detailed descriptions of clinical and pathological features as well as characterization of the severity and evolution of these cutaneous effects were undertaken. Data were collected at each clinic visit during this study. Patients were questioned about skin symptoms and skin events. The dermatologic examination was carried out, at baseline and every 3 weeks, by dermatologists familiar with vemurafenib and its potential adverse effects.
Cutaneous lesions occurring during therapy were photographed and biopsied for pathological examination in willing patients. Cutaneous reactions were classified according to the National Cancer Institute's Common Toxicity Criteria 4.02, 2009.
We included all consecutive patients enrolled in the vemurafenib arm of the BRIM 3 study in our center as well as 29 patients receiving the drug through compassionate use. Forty-one patients had a stage IV melanoma and one patient, stage IIIC disease. Patient clinical characteristics are shown in Table 1 . Vemurafenib was given orally at an initial dose of 960 mg bid. Patients were not taking any immunosuppressive or photosensitivity-inducing drug. No patient had a history of papilloma, keratoacanthoma (KA) or SCC.
Skin punch biopsies (4 mm) were carried out before treatment in seven patients, and under treatment in 18 patients. Immunohistochemical analysis of all biopsy specimens was carried out with the anti-p16 antibody (mouse anti-human p16
INK4a antibody, CINtec Histology Kit 9511)
according to the manufacturer's instructions.
results
The diverse cutaneous symptoms which occurred in each patient under vemurafenib are reported in Table 2 . All patients experienced at least one cutaneous side-effect. Both benign and malignant skin tumors occurred during vemurafenib therapy, but the most common cutaneous sideeffect consisted in the appearance of benign verrucous papillomas (33 patients, 79%) with a mean time to onset of 35 days (7-100). Verrucous papillomas exhibited polypoid lesions with a verrucous and hyperkeratotic surface ( Figure 1A ). They were observed essentially on the face and the trunk, but also on the limbs. They usually measured between 3 and 5 mm. An efflorescence of those papillomas occurred in about half of the patients, who developed from 4 to 20 papillomas. An efflorescence of nevi was also observed in four patients at a mean time to onset of 81 days (52-130 days), as described before under sorafenib [5] .
Cystic lesions presenting as milia cysts on the face were seen in 13 patients (31%) and occurred after a mean time to onset of 48 days (21-83 days). Epidermoid cysts were observed in 14 patients (33%), with a mean time to onset of 108 days .
Regarding borderline or malignant skin tumors, one patient ( patient 1) developed a second primary melanoma on the trunk, which was diagnosed after 84 days of treatment. It was a second superficial spreading melanoma, with a Breslow index of 0.34 mm. Six patients (14%) developed a KA with a mean time to onset of 77 days (27-172) and microinvasive squamous cell carcinoma (SCC) arose in 11 patients (26%) at a mean time to onset of 111 days (50-515). The KA and the SCC were localized on diverse areas such as the face, neck, trunk or thigh. One SCC developed on the vulva. All these tumors were simply excised, and none required vemurafenib dose modification. Atypical keratinocytes corresponding to koilocyte-like cells were present in the stratum granulosum in several skin lesions: 66% of papillomas, but also in some KAs (50%) and SCC (16%) ( Figure 1B and C) .
Because both clinical appearance and presence of koilocytes suggested that human papillomaviruses (HPVs) might be involved in this process, we carried out immunostaining for P16 in 17 skin tumors from our patients: 9 papillomas, 2 KAs and 6 SCC. P16 is a tumor suppressor gene product that is overexpressed in most cervical carcinomas and dysplasias associated with HPV infection [6] . Among the 17 tumors tested, 11 (65%) were positive for p16: 5 papillomas, 2 KAs and 4 SCC (Figure 2) .
Another common cutaneous side-effect consisted in the hand-foot skin reaction (25 patients, 60%) (Figure 3 ), predominantly on the soles (the reaction was graded 1 and 2 in 22 and 3 patients, respectively). The hyperkeratosis typically presented as yellowish, painful, hyperkeratotic plaques localized on the pressure points on the sole of the foot (heels and metatarsals). We did not observe any bullous lesions occurring during those hand-foot skin reactions, and those symptoms did not affect the patient's ability to walk. The mean time to onset was 61 days (8-300) and patients were treated with urea-based cream (10%-30% of urea). The hyperkeratosis on the palms and soles was similar to that described under sorafenib treatment [7] . No paronychia was observed.
Mucosal hyperkeratosis was also observed in two patients: vulvar hyperkeratosis ( patient 9) and gum hyperkeratosis ( patient 2, supplementary Figure S1 , available at Annals of Oncology online).
Half of the patients suffered from photosensitivity, particularly those treated with vemurafenib during summer time. This cutaneous photosensitivity consisted in eruptions arising on sun-exposed areas of the skin: the face, ears, dorsal forearms and the 'v'-area of the neck and upper chest ( Figure 4 ). Sixteen patients exhibited grade 1 photosensitivity with simple erythema covering <10% of the body surface area, four patients experienced grade 2 photosensitivity with tender erythema covering 10%-30% of the body surface area and two patients developed grade 3 photosensitivity with blistering. Photosensitivity prevention involving maximal sun avoidance in addition to protective clothing and sunscreen photoprotection, even for minimal sun exposure, was advised for all patients. Nevertheless, photoprotection counseling did not always prevent photosensitivity reactions.
Among the 22 patients who developed photosensitivity, six also suffered from cheilitis, predominantly on the lower lip in five of them. This grade 1 cheilitis emerged after a mean time to onset of 32 days (7-41). It did not lead to a dose reduction in any patient, and usually resolved spontaneously within a week or two. Twenty-three of the 42 patients (55%) also developed an skin rash consisting in grade 1 or 2 erythematous, hyperkeratotic follicular papules, arising after a mean time to onset of 32 days (7-80), predominantly on the back of the arms and on the front of the thighs (supplementary Figure S2 , available at Annals of Oncology online). When carried out on these lesions, skin biopsies revealed pilar dystrophy or folliculitis. This hyperkeratotic perifollicular rash was associated with grade 1 bilateral yellowish nipple hyperkeratosis in five patients (supplementary Figure S3 , available at Annals of Oncology online).
Altered hair growth was observed in 19 patients (45%) 1 and two grade 2) . It was usually associated with slower body hair growth. These changes in hair growth did not lead to a dose reduction in any patient. Interestingly, this alopecia was spontaneously reversible within 6 months of treatment with thinner hair growth despite continued treatment (supplementary Figure S4 , available at Annals of Oncology online).
Grade 1 xerosis was not uncommon as it affected 14 patients (33%), with a mean time to onset of 57 days (2-180). The xerosis was sometimes associated with mild pruritus. It was easily improved with the use of emollient creams. Interestingly, one patient diagnosed as having atopic dermatitis for years before vemurafenib treatment, experienced greatly improved eczema symptoms within the first week until the fifth month of treatment.
Moderate erythema of the face was reported in seven patients (17%) with a mean time to onset of 62 days (10-140 days), and was associated with photosensitivity in six of those seven patients. The facial drug reaction appeared as a homogeneous, slightly erythematous facial eruption associated with superficial desquamation. Lesions usually involved the mediofacial area and spared the periorbital area, as previously described with sorafenib [5] .
Six patients (14%) developed panniculitis of the lower extremities with a mean time to onset of 78 days (9-240). Alpha-1 antitrypsin deficiency and Weber-Christian disease were ruled out due to normal alpha-1 antitrypsin and pancreatic enzyme levels.
Two patients developed a relatively severe radiodermatitis, with severe erythema associated with vesicular or bullous lesions restricted to the irradiated area. Those eruptions resolved within a week with daily use of topical steroids (supplementary Figure S5 , available at Annals of Oncology online).
Within 3 weeks of treatment, one patient also had a rash reminiscent of Darier's disease, with typical clinical and pathological characteristics of this condition [8] : he presented with a flare-up of greasy, scaly papules on the back, associated with gingival lesions, and the skin biopsy specimens revealed typical abnormal intra-keratinocyte adhesion typical of Darier's disease. original articles
Annals of Oncology discussion
This is the first and largest prospective study of skin sideeffects occurring during vemurafenib therapy. The main finding resulting from this study is that, in a prospective setting, with patients being examined by a dermatologist, all patients developed at least one cutaneous side-effect. This signifies that the reports of cutaneous side-effects documented by oncologists frequently underestimate the true frequency of these adverse events. Thirty-two patients (76%) developed a rash, either secondary to photosensitivity, or a perifollicular hyperkeratotic rash. Compared with that observed with cetuximab (a monoclonal antibody against EGFR), this perifollicular eruption was more hyperkeratotic than acneiform, and predominantly localized on the limbs. Exacerbation of hyperkeratosis was also clearly visible on the hands, feet or nipples in 27 patients (64%). This keratinocyte proliferation, which can also be involved in the formation of papillomas, KA and SCC, could be attributed to the ability of vemurafenib to paradoxically activate the Mitogen-Activated Protein (MAP) Kinase (MAPK) pathway in cells devoid of a BRAF mutation, as previously demonstrated in vitro [9] and in vivo [10] . The skin tumors observed in our study occurred at a similar frequency to that described in the large pivotal phase III study BRIM-3 with respect to SCC and KA [3] although it was found to be much less frequent in a large series of patients receiving vemurafenib in the context of an extended access program (<5%) [11] . However, it can be suspected that dermatology follow-up is less strict in the latter study and that the real incidence of these skin proliferations might have been underestimated. In 2008, our team described similar but less frequent SCC, cysts, milia, and palmo-plantar hyperkeratosis among patients undergoing treatment with sorafenib, a pan-RAF inhibitor [2] . The cellular proliferation of wild-type cells in the skin could also explain the eruptive nevi phenomenon observed in our study (10% of our patients) and under sorafenib therapy through a similar pathway [12] .
As it has also been reported by others, one of our patients developed a second melanoma under vemurafenib [13, 14] . The possibility of malignant melanocytic proliferation under vemurafenib could also be explained by paradoxical activation of the MAPK pathway in wt-BRAF melanocytes. Indeed, any patient undergoing vemurafenib treatment may develop BRAF wild-type (wt) nevi that could paradoxically degenerate under this targeted therapy. Until now, there was no clear demonstration that melanoma occurring under vemurafenib therapy could be due to the transformation of a RAS mutated pigmented naevus, but it is also possible that somatic events distinct from a RAS mutation could be involved. This risk should be particularly acknowledged, as vemurafenib is currently being evaluated as an adjuvant therapy.
Additional somatic events, namely oncogene mutations or papillomavirus infection, might be cofactors of paradoxical cell proliferation facilitated by BRAF inhibitors in the context of wt-BRAF. Indeed, we and others demonstrated a high frequency of ras, TGF-β-receptor or p53 oncogenic mutation in skin tumors among patients treated with BRAF inhibitors [11, 12, 15] . BRAF-specific inhibitors like vemurafenib and dabrafenib induce verrucous papillomas more frequently than sorafenib. The presence of koilocytes and p16-positive keratinocytes in some of the lesions presented by our patients suggests a potential role for HPVs in at least a subset of these tumors. This is highlighted by the occurrence in one of our patients of an invasive SCC of the vulva, 12 weeks after vemurafenib initiation. We are presently carrying out further investigations to evaluate the causative role of these viruses in the emergence of epithelial tumors.
Although it is difficult to draw conclusions based on a series of 42 patients, patients who experienced the most severe skin toxicity did not seem to have enjoyed longer survival as reported with EGFR inhibitors [16, 17] . Fortunately, none of these skin symptoms led to the interruption of therapy as long as the metastatic melanoma continued to respond.
Most of the cutaneous symptoms appearing under vemurafenib were improved with symptomatic treatment. Proper identification and treatment of vemurafenib-induced skin toxicity help to improve the quality of life in patients with cancer, thereby promoting compliance with antineoplastic treatment and consequently prolonging survival.
Prevention should consist of clearly informing the patients about the side effects before initiating therapy. The patients should be alerted to the likelihood of these skin adverse events and should receive advice regarding effective photoprotection. As Dummer et al. recently demonstrated, this effect is mediated by ultraviolet A radiation (UVA) part of the solar UV spectrum [18] and should be explained to each patient, recommending the use of broadband UV-sunscreen including UVA rays as well as UV-dense clothing regardless of daylight and season, as UVA penetrates glass.
Most the SCC we diagnosed were resected at a microinvasive stage, thus rendering the risk of metastasis minimal. It is nevertheless critical to carefully and completely examine the skin of patients under vemurafenib at each consultation, every month at least, and to ask the patient to promptly report any new skin lesion in order to avoid the development of more invasive SCC. Because of our hypothesis that papillomaviruses might act as cofactors in the occurrence of some skin and genital tumors in this context, we recommend an oral and genital examination as well as a pap smear test before initiating anti-BRAF therapy.
We do not know whether this paradoxical proliferative effect is limited to skin cells or whether it would affect other cells in the body. That is why a stringent follow-up is required when using these drugs, particularly if they are given to patients with a long-life expectancy, in an adjuvant setting.
Additional BRAF inhibitors are being developed, and a phase III trial evaluating dabrafenib was recently presented, with a similar efficacy in terms of progression-free survival (PFS), and a very close spectrum of skin adverse events, although the latter drug seems to be devoid of photosensitivity effects [19] . As vemurafenib and other BRAF inhibitors are being increasingly prescribed, it is important to clearly signal their numerous adverse skin reactions, their nature, how they evolve but also how to prevent and treat them. Thus, the skin adverse reactions reported and detailed here are likely to represent a class effect rather than molecule-specific manifestations.
Hopefully, in the near future, the proliferative cutaneous side-effects of BRAF inhibitors might at least be partially annihilated by combining BRAF-specific targeted therapy with anti-MEK drugs, which block the MAPK pathway downstream of BRAF. Indeed, the preliminary clinical studies have suggested that anti-MEK-targeted therapy does not induce any proliferative skin symptoms such as SCC and KA seen under anti-RAF drugs [20, 21] . Thus, the anti-BRAF and anti-MEK combination could not only increase the treatment efficacy but also prevent the emergence of secondary tumors observed under anti-BRAF treatment.
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